
ARTICLE

CPMG relaxation dispersion NMR experiments measuring
glycine 1Ha and 13Ca chemical shifts in the ‘invisible’ excited states
of proteins

Pramodh Vallurupalli Æ D. Flemming Hansen Æ
Patrik Lundström Æ Lewis E. Kay

Received: 12 January 2009 / Accepted: 26 February 2009 / Published online: 25 March 2009

� Springer Science+Business Media B.V. 2009

Abstract Carr-Purcell-Meiboom-Gill (CPMG) relaxation

dispersion NMR experiments are extremely powerful for

characterizing millisecond time-scale conformational

exchange processes in biomolecules. A large number of such

CPMG experiments have now emerged for measuring pro-

tein backbone chemical shifts of sparsely populated

([0.5%), excited state conformers that cannot be directly

detected in NMR spectra and that are invisible to most other

biophysical methods as well. A notable deficiency is, how-

ever, the absence of CPMG experiments for measurement of
1Ha and 13Ca chemical shifts of glycine residues in the

excited state that reflects the fact that in this case the 1Ha,
13Ca spins form a three-spin system that is more complex

than the AX 1Ha–13Ca spin systems in the other amino acids.

Here pulse sequences for recording 1Ha and 13Ca CPMG

relaxation dispersion profiles derived from glycine residues

are presented that provide information from which 1Ha, 13Ca

chemical shifts can be obtained. The utility of these experi-

ments is demonstrated by an application to a mutant of T4

lysozyme that undergoes a millisecond time-scale exchange

process facilitating the binding of hydrophobic ligands to an

internal cavity in the protein.
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Introduction

The conformations of biological molecules are not static

but rather fluctuate over a wide range of timescales (Austin

et al. 1975; Karplus 2000). Such fluctuations are often

critical for function by influencing both the kinetics and the

thermodynamics of the processes in which these molecules

participate (Karplus and Kuriyan 2005). It is therefore of

considerable interest to characterize such dynamics in

detail as a means of providing insight into how molecular

function proceeds. NMR spectroscopy has emerged as a

powerful tool for studying motion over a broad range of

time-scales, from picoseconds to seconds, (Mittermaier and

Kay 2006; Palmer 2004) and in the past years a large

number of experiments have been developed that extend

the scope of the methodology to include ever more com-

plex biological systems. A particularly important class of

experiment is the Carr-Purcell-Meiboom-Gill (CPMG)

relaxation dispersion method (Carr and Purcell 1954;

Meiboom and Gill 1958), originally developed close to

50 years ago, that has been extensively modified for

applications to biomolecules (Loria et al. 1999; Palmer

et al. 2001). In CPMG measurements the effective trans-

verse relaxation rates, R2,eff, of probes such as 15N, 1H or
13C nuclei are monitored as a function of the frequency,

mCPMG, at which refocusing p pulses are applied during a

relaxation delay. Modulation of the chemical shifts of these

probes due to a conformational exchange process, leads to

a dependence of R2,eff on mCPMG because the p pulses

refocus chemical shift evolution, quenching the effects of

chemical exchange. In the case of a two-site exchange

process,
A !kAB

kBA

B
, the R2,eff versus mCPMG profile (relaxa-

tion–dispersion curve) depends on the population of the

minor state, pB, the rate of exchange between states,
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kex = kAB ? kBA and the absolute value of the chemical

shift difference, |D-|, between spins in the major and minor

states (Palmer et al. 2001). The sign of D- can, in turn, be

obtained independently by comparing the position of the

peaks in HSQC and HMQC data sets recorded at a number

of static magnetic fields (Skrynnikov et al. 2002).

The attraction of the CPMG experiment is that it can

provide detailed information about the kinetics and ther-

modynamics of conformational exchange processes

between major (the ground state) and minor (excited state)

conformers, so long as the latter are populated to greater

than approximately 0.5% and the exchange process is on

the millisecond timescale (Korzhnev and Kay 2008; Kor-

zhnev et al. 2004; Palmer 2004). Because these minor

states are often transiently formed and are of low popula-

tion they are ‘invisible’ to many of the conventional

structural biology tools. The CPMG method thus provides

a window into studying these states that are recalcitrant to

other techniques and applications to protein folding,

enzyme catalysis and binding have emerged recently

(Boehr et al. 2006; Grey et al. 2006; Henzler-Wildman

et al. 2007; Korzhnev et al. 2004; Sugase et al. 2007;

Vallurupalli and Kay 2006; Watt et al. 2007).

In addition to characterizing the kinetics and thermody-

namics of exchange processes involving excited states it is

also possible to obtain structural information pertaining to

these minor conformers. One source of this information is

provided by the chemical shifts that are extracted from fits of

relaxation dispersion measurements (Grey et al. 2003;

Hansen et al. 2008c; Korzhnev et al. 2004; Vallurupalli et al.

2008b). Chemical shifts of nearly all sites along a protein

backbone (1HN, 15N, 13Ca, 13CO and 1Ha) in the ‘invisible’

excited state can be determined using recently developed

CPMG experiments in concert with new labeling schemes

(Hansen et al. 2008a, b, c, d; Lundstrom et al. 2009). Com-

plementary information is provided in the form of residual

anisotropic interactions (residual dipolar couplings, RDCs,

and chemical shift anisotropies, RCSAs) that can now be

measured for minor conformers using spin-state selective

CPMG relaxation dispersion experiments (Hansen et al.

2008b; Igumenova et al. 2007; Vallurupalli et al. 2008a,

2007a). The combination of chemical shifts, RDCs and

RCSAs has recently been used to determine the backbone

fold of an invisible conformer corresponding to a ligand

bound form of an SH3 domain (Vallurupalli et al. 2008b).

One residue for which excited state 1Ha and 13Ca

chemical shifts are conspicuously absent is Gly. This is

unfortunate since in general Gly residues can populate

extensive regions of (U, W) space (Ramakrishnan and

Ramachandran 1965). Restraints on the backbone torsion

angles of Gly, provided by 1Ha, 13Ca chemical shifts,

would thus be very valuable in structural studies. The

difficulty in recording robust relaxation dispersion profiles

of Gly stems from the fact that unlike other amino acids the
1Ha, 13Ca spins of this residue form an AMX/ABX/AX2

spin system. Measurement of Gly 1Ha shifts in the excited

state is complicated by the two-bond 1Ha–1Ha homonuclear

scalar coupling that renders transverse 1H magnetization

dependent on mCPMG, even in the absence of chemical

exchange (Lundstrom et al. 2009). While 15N CPMG pulse

schemes have been published for NH2 groups of Asn and

Gln residues (Mulder et al. 2001b) that could be easily

modified for 13C studies of Gly, the rapid 13Ca transverse

relaxation resulting from the pair of one-bond coupled

protons decreases the sensitivity of the 13C probe to

chemical exchange processes. Here we address these

problems by using a labeling scheme in which uniformly
13C labeled proteins are enriched to approximately 50% 2H

at the a-position by expression in media that is 50% D2O

based and selecting for 13CHD moieties in CPMG pulse

schemes that measure Gly 1Ha and 13Ca dispersion profiles.

The methodology is applied to a cavity mutant of T4

lysozyme (18.8 kDa) in which Leu at position 99 is

replaced by Ala (referred to in what follows as T4 L99A)

(Eriksson et al. 1992). T4 L99A is able to bind hydro-

phobic ligands on the millisecond time-scale (Feher et al.

1996) through an exchange mechanism involving inter-

conversion between a highly populated (and ligand

inaccessible) ground state and a binding competent excited

state that is amenable to characterization by CPMG

relaxation dispersion (Mulder et al. 2000, 2001a). Here we

show that some of the 1Ha and 13Ca spins of the 11 Gly

probes in the protein are sensitive to this exchange event.

Materials and methods

Protein expression and purification

100% 13C,[50% 2H enriched samples of T4 lysozyme with

the cavity forming mutation L99A were prepared by

expressing protein in E coli BL21(DE3) cells. Cells were

grown in one liter of 50% D2O, M9 media supplemented with

1 g 15NH4Cl and 3 g [13C6, 2H7]-glucose as the nitrogen and

carbon sources, respectively. The cells were grown to an

OD600 of 0.8 at 37�C, with the temperature reduced to 18�C

for protein expression induced with 1 mM IPTG. After

expression for 16 h the cells were harvested by centrifuga-

tion. The cell pellet was suspended in 50 mM sodium

phosphate, 2 mM EDTA, pH 6.5 and lysed by sonication.

The lysate was then loaded on a 5 mL HiTrap SP Sepharose

column (GE Healthcare) that binds the protein, with elution

achieved by increasing the salt concentration linearly to 1 M

NaCl in the same buffer as described above. Fractions con-

taining the protein (as determined by UV absorption and

PAGE) were pooled together and concentrated to 1 mL. The
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protein was further purified by gel filtration using a 120 mL

Superdex 75 column (GE Healthcare) equilibrated with

50 mM sodium phosphate, 100 mM NaCl, 2 mM EDTA

pH 5.5. Fractions containing the pure protein were pooled

together and transferred into 100% D2O NMR buffer com-

prised of 50 mM sodium phosphate, 25 mM NaCl, 2 mM

EDTA, 2 mM NaN3 pH 5.5. The final 500 lL NMR sample

was at a concentration of 1.4 mM.

In order to test 2H decoupling in the Gly-13Ca CPMG

pulse scheme that is presented below we have chosen a

smaller protein system from which spectra of high signal to

noise can be obtained. A 1 mM sample of the Abp1p SH3

domain (*7 kDa) in 50 mM sodium phosphate, 100 mM

NaCl, 2 mM EDTA, 2 mM NaN3, pH 7.0 buffer, 100%

D2O, labeled as described above for T4 L99A was pro-

duced as described previously (Lundstrom et al. 2009).

NMR spectroscopy

All NMR experiments were performed at 25�C using 600

and 800 MHz Varian Inova spectrometers equipped with

cryogenically cooled (600) and room temperature (800)

triple resonance probes. 1Ha CPMG experiments (Fig. 1)

were recorded with a constant time CPMG delay, Trelax, of

16 (15) ms at 600 (800) MHz. Data were recorded for 14

(15) mCPMG values ranging from 62.5 (133) to 1250 (1867)

Hz with 2 (3) repeat measurements at 600 (800) MHz. Here

mCPMG = 1/(4sCP), where 2sCP is the time between refo-

cusing p pulses during the CPMG pulse train. Experiments

were recorded with acquisition times of (24, 64 ms) in

(t1, t2), with 64 (32) transients per FID and with a delay of

2.5 s between transients giving rise to a total acquisition

time for each full dispersion set of 42 (22) h at 600 (800)

MHz. 13Ca CPMG dispersion profiles were measured at

600 MHz using the pulse scheme described in the text with

Trelax = 14 ms. Thirteen mCPMG values ranging from 71 to

930 Hz were obtained with three repeat measurements for

error estimation. Forty-eight transients were recorded for

each point in the indirect dimension with a recycle delay of

2.5 s leading to a total experimental time of 42 h. Acqui-

sition times in (t1, t2) were (24, 64 ms) as before.

Data analysis

Spectra were processed using nmrPipe (Delaglio et al.

1995), visualized with Sparky (Goddard and Kneller), with

Fig. 1 Pulse sequence for recording 1Ha CPMG relaxation dispersion

profiles of Gly residues in U-13C,[50% 2H labeled proteins. 1H, 13C,
15N and 2H RF pulses denoted by narrow and wide rectangular bars
correspond to flip angles of 90� and 180�, respectively. With the

exception of the 1H refocusing pulses during the CPMG period and

the two flanking 90� pulses that are applied with a field strength of

25 kHz, all other rectangular pulses make use of the highest available

power (32, 18, 6 and 2 kHz for 1H, 13C, 15N and 2H, respectively). 1H,
13C, 15N and 2H carriers are placed at 4.75, 45, 118 and 4.75 ppm,

respectively. The shaped 13C pulses (3 ms, at both 600 and 800 MHz)

are of the REBURP variety (Geen and Freeman 1991) and are

centered at 45 ppm. Carbonyl decoupling is performed using the

WURST2 decoupling scheme (Kupce and Freeman 1996) centered at

175 ppm with a bandwidth of 12 ppm. 2H WALTZ-16 decoupling

(Shaka et al. 1983) is achieved with a field strength of 650 Hz. All

pulses are applied with phase x unless indicated otherwise. An eight

step phase cycle is carried out with /1 = 4(x), 4(-x), /2 = 2(x),

2(-x), /3 = (x, -x) and receiver = x, 2(-x), x. Quadrature detection

in F1 is achieved by incrementing phase /2 in a STATES-TPPI

manner (Marion et al. 1989). The delays sa and seq are set to 1.785

and 3 ms, respectively. N is any integer. The 1H pulses shown in the

dashed boxes are applied to generate 1H–13C MQ coherence, as

opposed to 13C SQ coherence, during t1. Gradients are applied along

the z axis with the following strengths and durations (G/cm; ms):

g1 = (5; 1), g2 = (8; 0.1), g3 = (4; 0.1), g4 = (-12; 1), g5 = (-15;

0.3), g6 = (-8; 0.1) and g7 = (14; 0.1). Pulse sequence code is

available as supporting material
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peak intensities quantified using the program FuDA

(http://pound.med.utoronto.ca/software.html). Peak inten-

sities (I) were converted into effective relaxation rates

according to the relation

R2;eff ¼
�1

Trelax

ln
IðmCPMGÞ

Ið0Þ

� �
; ð1Þ

where I(mCPMG) and I(0) are the signal intensities in the

presence and absence of the CPMG element, respectively

(Mulder et al. 2001b). Relaxation dispersion curves were

analyzed using the program CATIA (http://pound.med.utor

onto.ca/software). 1Ha and 13Ca relaxation dispersion pro-

files of Gly were combined with 1Ha dispersions obtained for

non-Gly residues recorded using a previously published

sequence (Lundstrom et al. 2009) with all profiles fit

simultaneously to a two-state model of exchange. We have

included 1Ha profiles from all residues in the fit to increase

the number of dispersions so that accurate estimates of the

population of the excited state, pb (2.7 ± 0.1%) and the

exchange rate, kex (830 ± 50 s-1), could be obtained. 13Ca

dispersion profiles from both of the CHD isotopomers of

each Gly residue were fit assuming the same difference in

chemical shift between the ground and excited states (D-).

Results and discussion

Probing exchange with Gly 1Ha spins

Recently we have presented a labeling scheme and asso-

ciated pulse sequences for measuring 1Ha CPMG

relaxation dispersion profiles for all residues in a protein

with the exception of Gly (Lundstrom et al. 2009). For

these experiments we have made use of a labeling protocol

in which proteins are enriched to [50% in 2H (50%

enrichment at the Ca position) and 100% in 13C that

eliminates many of the homonuclear scalar coupling

pathways of magnetization transfer that are otherwise

operative during the CPMG element. The effects of

residual 1H–1H couplings were minimized using a filter

that refocuses scalar coupling evolution in the case of a

homonuclear spin-pair. Here we use the same labeling

strategy that in the case of Gly produces four equally

populated isotopomers, CH2, CHD, CDH and CD2. Of the

three proton containing groups that in principle could be

exploited for measuring 1Ha relaxation dispersion profiles

the CH2 moiety is problematic because of the large
1Ha–1Ha scalar coupling; the resulting evolution of 1Ha

magnetization due to this interaction produces artificial

dispersion profiles that depend on mCPMG, even in cases

where exchange is not present (Lundstrom et al. 2009). By

contrast, both CHD and CDH moieties are well suited as

probes since the troublesome 1Ha couplings are removed

and replacing one of the two protons with a deuteron leads

to increased transverse relaxation times for the remaining

proton (Kushlan and Lemaster 1993).

The pulse sequence for measuring 1Ha CPMG relaxation

dispersion profiles in proteins that are U-13C, [50% 2H

labeled is shown in Fig. 1. The experiment follows closely

the 1HN CPMG sequence of Ishima and Torchia (2003)

with a number of differences that are specific to the

labeling scheme chosen. The flow of magnetization can be

summarized briefly by

1Ha
i �!PurgeCH2 13Caðt1Þ ! 1Ha

i ðCPMGÞ

! 1Ha
i ðt2Þ; i ¼ 1; 2:

ð2Þ

1H longitudinal magnetization at point a in the scheme

is converted to 1Ha–13Ca multiple-quantum coherence at

point b, 2HX
i CY, where HX (CY) corresponds to the X (Y)-

component of proton (carbon) magnetization. During the

subsequent interval of duration 2sa = 1/2JHC, where JHC is

the one-bond 1H–13C scalar coupling constant, coherence

originating on CH2 isotopomers evolves to produce

4HX
i HZ

j CX that is subsequently dephased by the gradient g4

after point c. By contrast coherences originating from

CHD/CDH isotopomers are converted to 2HZ
i CZ after the

simultaneous 13C/1H pulses at point c and this longitudinal

order is immune to the action of gradient g4. Thus, only the

‘singly protonated’ glycine residues give rise to signals in

correlation maps, eliminating the problem with 1Ha–1Ha

scalar coupling and resulting in significant improvements

in spectral resolution, as discussed below. Immediately

following the purge element 13Ca chemical shift is recorded

during t1 that is then followed by a constant-time 1H

CPMG period. The 1H p pulse in the center of this element

leads to a net refocusing of artifacts that would otherwise

result from pulse imperfections and off-resonance effects,

as described previously (Hansen et al. 2008a). Finally, 1Ha

magnetization is detected during t2, so that 2D (13C, 1H)

data sets are produced with peak intensities that vary as a

function of mCPMG = N/Trelax (in the case of chemical

exchange).

We have chosen to place the CPMG element after the

t1 period, despite the fact that it is then not possible to

preserve both cosine and sine t1 evolution components that

is desirable for sensitivity enhancement (Palmer et al.

1991). As described by Ishima and Torchia the relaxation

properties of spin-locked 1H magnetization are more

favorable using this approach since the decay of signal is

given by the auto-relaxation rate as opposed to the sum of

auto- and cross-rates that are of the same sign in the case of

transverse relaxation (Ishima and Torchia 2003; Ishima

et al. 1998). Further since the initial magnetization state at

the start of the CPMG interval is anti-phase 1Ha with

48 J Biomol NMR (2009) 45:45–55
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respect to the one-bond coupled 13Ca any cross-relaxation

between proximal proton spins (Hi and Hk) will not pro-

duce observable signal since magnetization of the form

2HY
kCZ

i is created where Hk and Ci are not coupled. Finally,

it is worth mentioning that on average over the complete

Trelax period equal amounts of in-phase and anti-phase 1Ha

magnetization will in general not be present. This imbal-

ance leads to a dependence of R2,eff on mCPMG that arises

from the difference in relaxation rates of HY
k and 2HY

kCZ
i

(Loria et al. 1999) that is not corrected for in the analysis of

our data. However, errors less than 1 s-1 from this effect

are predicted, smaller than the uncertainties in the

measurements.
1H–13C dipolar interactions lead to efficient relaxation

of 1Ha or 13Ca magnetization in proteins (Bax et al. 1990).

Relaxation loses in the scheme of Fig. 1 can be minimized

by recording 13C chemical shift (t1) when the coherence of

interest is of the 1H–13C multiple-quantum (MQ) variety as

opposed to 13C single-quantum (Grzesiek and Bax 1995),

since in the former case there are no transverse relaxation

contributions from the 1Ha–13Ca dipolar interaction that

Fig. 2 Spectra recorded with 1H–13C MQ evolution (pulse scheme of

Fig. 1) have significant improvements in sensitivity over those

recorded with 13C SQ evolution. Distribution of the ratio of Gly
1Ha–13Ca peak intensities in 2D spectra of T4 L99A, 25�C, 600 MHz,

recorded with MQ and SQ evolution during t1 (t1,max = 26.6 ms). The

improvement in sensitivity for MQ spectra is 1.6 ± 0.3

Fig. 3 Conformational exchange in T4 L99A studied via 1Ha CPMG

relaxation dispersion. a Reference Gly 1Ha–13Ca 2D spectrum

recorded on a sample of U-13C, [50% 2H T4 L99A, 25�C,

600 MHz, with the scheme of Fig. 1, Trelax = 0 ms. All of the

expected 22 peaks (corresponding to Gly Ha1, Ha2) are well resolved

and labeled according to their position in the primary sequence.

Stereospecific assignments for the protons are not available. b
Selected region of the 1Ha–13Ca spectrum recorded with the scheme

of Fig. 1 but without the purge element. The peaks arising from Gly

CH2 groups can be seen as shoulders (downfield) on the main

correlations derived from the 13CHD isotopomer. c As in (b) but

recorded with the purge element so that correlations from CH2 groups

are suppressed. d–g Gly 1Ha dispersions from selected residues

(circles) along with best fits of the data to a two-state model of

chemical exchange (solid lines), as described in ‘‘Materials and

methods’’. Errors are indicated by vertical bars. Note that only one of

the two protons of Gly 107 is sensitive to the chemical exchange

process
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scale with molecular correlation time (i.e., no J(0) contri-

butions, where J(x) is the spectral density function evaluated

at x) (Griffey and Redfield 1987; Roy et al. 1984). This is

offset to some extent by transverse relaxation between 1Ha

and proximal proton spins. However, in cases where the

proton density is low, such as for Gly residues that lack a

side-chain and where the protein is relatively highly deu-

terated as in the present sample, significant sensitivity

benefits can be achieved. This is illustrated in Fig. 2 that

plots ratios of signal intensities measured in spectra recorded

where the coherences of interest during t1 are of the MQ or

SQ variety (net t1 acquisition times of 26.6 ms). An average

gain in sensitivity of a factor of 1.6 ± 0.3 is obtained using

the MQ version of the experiment that is readily performed

by inserting a pair of 1H pulses that bracket the t1 evolution

time (indicated by dashes in Fig. 1) along with a proton p
pulse in the middle of the t1 period that refocuses the proton

chemical shift evolution so that magnetization is labeled with

only the 13Ca frequency during the t1 period.

Figure 3a shows the 2D 13C, 1H Gly correlation map of

T4 L99A, 600 MHz, 25�C recorded using the scheme of

Fig. 1 with Trelax = 0. That the purge element is effective

in suppressing signal originating from CH2 moieties can be

appreciated by comparison of spectra recorded without

(Fig. 3b) and with (Fig. 3a, c) the purge. Figure 3b high-

lights the fact that signals from CH2 and CHD moieties are

in separate positions in spectra due to a deuterium isotope

shift (Hansen 2000), effectively doubling the number of

peaks in the ‘non-purged’ spectrum. Not surprisingly there

are thus significant resolution advantages when signals

from only CHD/CDH isotopomers are observed. Fig-

ure 3d–g show dispersion profiles measured at a number of

sites in the protein, along with fits of the dispersion curves

to a two-site model of chemical exchange (solid lines). As

expected the large dispersions are localized to regions

proximal to the cavity (Mulder et al. 2001a), with many of

the 1Ha probes impervious to the exchange event.

A pulse scheme for measuring Gly 13Ca relaxation

dispersion profiles

An 15N relaxation dispersion experiment probing exchange

involving AX2/AMX spin systems in proteins has previ-

ously been proposed in the context of some of our earlier

work involving T4 L99A where we focused on 15NH2

groups of Asn and Gln (Mulder et al. 2001b). Although the

experiments developed previously are equally applicable to
13CH2 moieties of Gly residues, we have chosen to develop

an alternative strategy here for a number of reasons. First,

the 1H–13C dipolar interaction is a factor of two larger than

for 1H–15N so that all things equal transverse relaxation

rates of 13C are approximately a factor of four larger than

Fig. 4 Pulse sequence for recording 13Ca CPMG relaxation dispersion

profiles of Gly residues in U-13C,[50% 2H labeled proteins. Many of

the details of this pulse scheme are the same as for the 1Ha CPMG

relaxation dispersion experiment and can be found in the legend to

Fig. 1. The shaped pulses (450 ms, 600 MHz) during the CPMG

interval are derivates of REBURP pulses that have been described

previously (Lundstrom et al. 2008). The 90� pulses on either side of the

CPMG period were applied at a field strength equal to the maximum

used for the shaped pulses. The phase cycle is: /1 = 4(y),4(-y),

/2 = 2(y),2(-y), /3 = 4(x),4(-x), /4 = 8(x),8(-x), /5 = (y, -y),

/6 = (8y, 8-y), /7 = (x) and receiver = x, 2(-x), x. Quadrature

detection in F1 was achieved by STATES phase incrimination of phase

/5 (States et al. 1982). The phase /7 was inverted with each successive

complex t1 point (Marion et al. 1989). 1H decoupling during the CPMG

element was achieved as described previously (Hansen et al. 2008a;

Vallurupalli et al. 2007b) and in the text using a maximum CW field of

13.3 kHz. For N = 0 a 1H CW pulse of duration Trelax is applied after t2
so that the amount of sample heating is independent of N. 2H decoupling

during Trelax made use of a 675 Hz field, with a scheme described in the

text. 1H purge pulses before and after the CPMG period were applied at

a field of 9.4 kHz. Gradients, applied along the z axis had the following

strength and durations (G/cm:ms):g0 = (12:1), g1 = (13:0.16), g2 =

(23:1.5), g3 = (15:0.16), g4 = (12:1), g5 = (20:1.5), g6 = (4:1) and

g7 = (17:0.150)
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the corresponding rates for 15N. The large R2 rates for 13Ca

of Gly that is coupled to a pair of protons (typically on the

order of 100 s-1 for L99A T4 at 25�C) is prohibitive for

measuring chemical exchange, especially in cases where

only small contributions to R2 from exchange are gener-

ated. In principle, it is possible to make use of TROSY

based schemes for 13CH2 groups that exploit the partial

cancellation of dipolar fields, as has recently been
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Fig. 5 a–d 13Ca CPMG relaxation dispersion profiles of Gly 39 and

48 in a U-13C, 50% 2H labeled Abp1p SH3 domain recorded with the

pulse scheme of Fig. 4, 25�C, 500 MHz. Note that this protein does

not undergo conformational exchange on the millisecond time-scale

and flat dispersion profiles are therefore expected. Profiles from only

one of the two isotopomers of each Gly are shown. a and c show

dispersion curves recorded using the 2H decoupling scheme described

in the text (‘composite decoupling’) where different decoupling

elements are applied depending on the duration of sCP. The

corresponding profiles, with an integral number of 2H 180� pulses

in each sCP element, using the same approach as for 1H decoupling

described above and in Vallurupalli et al. 2007b, but with a much

lower field, are shown in b and d. In all cases 1H decoupling with an

average field of 14 kHz was employed (see text). Values of

hR2effi ± RMSD are shown in each panel; elevated R2,eff values at

mCPMG *175 Hz in panels b and d indicate that the 2H CW scheme is

not decoupling properly. Panels e and f show histograms of the

distribution of RMSD values from fits of Gly dispersions recorded

with the composite decoupling approach and using the method of

Vallurupalli et al. (2007b), respectively. A significant improvement is

noted with the 2H composite decoupling scheme with RMSD values

of a factor of two smaller than those for CW decoupling (average

RMSD of 1.0 vs. 1.9)
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demonstrated for applications that are unrelated to those

considered presently (Miclet et al. 2004). Here we have

chosen an alternative approach that uses samples that have

already been prepared for recording 1Ha CPMG relaxation

dispersion profiles in which proteins are U-13C and [50%

deuterated (Lundstrom et al. 2009). As in the Gly 1Ha

CPMG dispersion experiment described above CHD/CDH

moieties are selected for the 13Ca measurements that have

significantly improved relaxation properties over CH2

groups.

Figure 4 illustrates the pulse scheme that has been

developed for recording Gly 13Ca relaxation dispersion

profiles and in what follows a brief description of some of

its salient features is provided. Longitudinal 1H magneti-

zation originating on CHD/CDH methylenes at point a is

transferred into 13C Z-magnetization at point c through a

refocused INEPT scheme (Burum and Ernst 1980). By

contrast, magnetization transfer from 13CH2 groups is

suppressed because anti-phase 13C magnetization is not

refocused by the element between b and c for a carbon spin

attached to a pair of protons. Thus immediately after point

c magnetization from 13CH2 moieties is of the form 2CXHZ
i

that is dephased by gradient g4. During the subsequent

constant-time 13C CPMG element evolution of magneti-

zation due to both 1H–13C and 2H–13C one-bond scalar

couplings is suppressed by the action of the simultaneous
1H and 2H decoupling fields. Ensuring that 13C magneti-

zation is in-phase throughout this period is important for a

number of reasons. First, the transverse relaxation of 13Ca

in this case does not depend on dipolar interactions

between the attached 1Ha and proximal protons. In the

absence of 1H decoupling, however, a CPMG element must

be used that ensures that 13Ca magnetization is equally

distributed between in-phase and anti-phase components

(on average) effectively elevating the transverse relaxation

rate by an amount 1/2RHH, where RHH is the selective 1Ha

longitudinal relaxation rate (Loria et al. 1999). Second, 2H

decoupling prevents the accumulation of magnetization of

the form 2CXDZ, 2CYDZ that would decay rapidly due to

the efficient relaxation of the deuteron that can be on the

order of several ms in the case of moderately sized pro-

teins. At the completion of the CPMG element, 1Ha–13Ca

MQ coherence is created so that its favorable relaxation

properties can be exploited during the t1 period where 13Ca

chemical shift evolution is recorded prior to the subsequent

transfer of magnetization to 1Ha for detection. The mag-

netization transfer scheme is thus summarized as

1Ha
i �!PurgeCH2 13CaðCPMGÞ ! 13Caðt1Þ ! 1Ha

i ðt2Þ;
i ¼ 1; 2

ð3Þ

As described above the 1H and 2H decoupling elements

that preserve in-phase 13Ca magnetization during the

course of the CPMG pulse train are critical components of

the scheme of Fig. 4. Care must be taken to ensure that

application of the decoupling fields does not interfere with

the refocusing properties of the CPMG pulses (Hansen

et al. 2008a; Vallurupalli et al. 2007b). In the case of 1H

decoupling we make use of a scheme in which the 1H

continuous wave (CW) field strength, mCW, is adjusted for

each mCPMG value in such a way so as to ensure that an

integral number of decoupling pulses is present in every

sCP element (2sCP is the time between the centers of suc-

cessive 13Ca refocusing pulses). This is accomplished by

choosing mCW = 2 kmCPMG where k is an integer, as

described in detail previously (Hansen et al. 2008a;

Vallurupalli et al. 2007b). Typically an average 1H CW

field of approximately 15 kHz is employed with variations

of not more than 11% over the range of mCPMG values

chosen. In the case of 2H decoupling there is a much more

strict technical limitation on the field strength that can be

used. Here we have chosen to employ a strategy in which

the nature of the decoupling scheme depends on the

duration of sCP. For sCP B pwD
180, where pwD

180 is the 2H

180� pulse width, no decoupling is employed. For the cases

where pwD
180 \ sCP B 2pwD

180, 2pwD
180 \ sCP B 3pwD

180

pulses of the form 180�X and 90�X � 180�Y � 90�X are applied,

respectively, centered in the sCP interval. For 3pwD
180 \

sCP B 12pwD
180 the maximum number of composite pulses,

90�X � 180��X � 270�X , that can be fit into the sCP duration is

used. Finally, for sCP [ 12pwD
180 WALTZ-4 decoupling

(Shaka et al. 1983) is employed that has a length of

Fig. 6 Gly 13Ca relaxation dispersion profiles recorded on a

100%13C, [50% 2H T4 L99A sample, 25�C, 600 MHz, with the

pulse sequence of Fig. 4. Red and blue curves derive from each of the

two Gly isotopmers (CHD and CDH) that report on exchange

involving the same 13Ca spin
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12pwD
180 per cycle. An integral number of cycles is not

necessarily applied but an integral number of 180� pulses

always is, again with the decoupling centered in the sCP

interval (pulse sequence code available upon request). The

effectiveness of the 2H decoupling scheme was tested by

recording spectra using the pulse sequence of Fig. 4 on a

sample of a U-13C, 50% 2H labeled Abp1p SH3 domain

that does not undergo millisecond time-scale exchange so

that flat dispersion profiles are expected (Vallurupalli et al.

2007a). We have chosen this small protein as a test sample

since significantly higher sensitivity spectra can be recor-

ded relative to T4 L99A. Figure 5 compares a pair of

dispersion profiles recorded on the Apbp1 SH3 domain

obtained with the decoupling scheme described above

(referred to as ‘composite’) and with decoupling that

involves the application of 180� pulses (referred to as

‘CW’) in which the field strength is adjusted to ensure use

of an integral number of pulses in each sCP period as for
1H. Also shown are histograms of RMSD values obtained

from fits of all Gly dispersion profiles generated with the

two different 2H decoupling approaches, where RMSD ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ND�1

P
i
fRi

2;effðmCPMG;iÞ � kg2
r

; Ri
2;eff is the effective

transverse relaxation rate at CPMG frequency vCPMG,i,

k = \R2,eff(vCPMG)[and ND is the number of data points in

the dispersion profile. It is clear that the composite scheme

is preferred, although not perfect. Improved decoupling

could be achieved with higher fields although this is unli-

kely to be an option using the current generation of probes.
13Ca dispersion profiles for Gly 56, 77, 107 and 113 of

T4 L99A are illustrated in Fig. 6 (600 MHz, 25�C).

Because cross-peaks from both CHD and CDH

Fig. 7 Absolute values of the

changes in 1Ha (a) and 13Ca

(b) chemical shifts (ppm), |D-|,

between ground and excited

states of T4 L99A, showing that

the major conformational

changes associated with the

exchange occur in a region that

surrounds the cavity. Values of

Gly |D-| are shown in red; the

|D-| values for non-Gly

residues (shown in gray) were

measured as described

previously for 13Ca (Hansen

et al. 2008a, b, c, d) and 1Ha

(Lundstrom et al. 2009)
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isotopomers are observed in spectra it is possible to probe

exchange at each 13Ca position twice, with pairs of dis-

persion profiles obtained for each Gly (Fig. 6). Notably, the
13C relaxation properties of the CHD/CDH isotopomers

can be distinct, as illustrated for Gly 56, that may reflect

differences in the orientation of the 1H–13C bond vectors

with respect to the diffusion frame of the protein. Several

of the experimental data points (circles) are clearly

removed from the solid lines corresponding to the global

fits of the dispersion data, even when experimental errors

are taken into account, likely reflecting the imperfections in
2H decoupling even with the improved scheme described in

the text. Only a few of the 1Ha and 13Ca probes of the

eleven glycine residues in T4 L99A show significant

changes in chemical shifts between the ground and excited

states, Fig. 7. The residues that sense the chemical

exchange process include Gly 77, 107, 110 and 113 that are

localized to a small region in and around helix F that is

proximal to the cavity and that likely participates in an

‘opening’ event that allows access to ligands. The fact that

only a few of the Gly residues report on the exchange event

is not surprising given that both 1Ha and 13Ca chemical

shifts are sensitive to secondary structural changes that are

expected in only a relatively small region of the protein

(Mulder et al. 2001a; Skrynnikov et al. 2002).

In summary, glycine-specific 1Ha and 13Ca relaxation

dispersion experiments have been presented for the char-

acterization of millisecond timescale conformational

exchange processes in proteins. The experiments exploit a

recently introduced labeling scheme that has been proposed

for the measurement of 1Ha dispersion profiles of non-Gly

residues in which proteins are prepared with U-13C,[50%
2H labeling (Lundstrom et al. 2009). Gly 13CHD isotopo-

mers are selected which, as described in the text, have

distinct advantages over 13CH2 moieties which would

otherwise be available as probes in fully protonated protein

samples. It is well known that Gly can adopt a wide

range of conformations in proteins (Ramakrishnan and

Ramachandran 1965) and the determination of Gly

backbone (U, W) dihedral angles is thus an important step

in structural studies. The methods presented here enable

measurement of Gly 1Ha and 13Ca chemical shifts in the

excited states of protein molecules from which torsion

angles can be derived (Cornilescu et al. 1999); as such they

will be a powerful addition to the growing set of experi-

ments that characterize the structural features of invisible,

yet functionally important conformations of biomolecules.
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